Fossil fuel combustion and agriculture result in atmospheric deposition of 0.8 Tmol/yr reactive sulfur and 2.7 Tmol/yr nitrogen to the coastal and open ocean near major source regions in North America, Europe, and South and East Asia. Atmospheric inputs of dissociation products of strong acids (HNO 3 and H2SO4) and bases (NH 3) alter surface seawater alkalinity, pH, and inorganic carbon storage. We quantify the biogeochemical impacts by using atmosphere and ocean models. The direct acid/base flux to the ocean is predominately acidic (reducing total alkalinity) in the temperate Northern Hemisphere and alkaline in the tropics because of ammonia inputs. However, because most of the excess ammonia is nitrified to nitrate (NO 3 ؊ ) in the upper ocean, the effective net atmospheric input is acidic almost everywhere. The decrease in surface alkalinity drives a net air-sea efflux of CO 2, reducing surface dissolved inorganic carbon (DIC); the alkalinity and DIC changes mostly offset each other, and the decline in surface pH is small. Additional impacts arise from nitrogen fertilization, leading to elevated primary production and biological DIC drawdown that reverses in some places the sign of the surface pH and air-sea CO 2 flux perturbations. On a global scale, the alterations in surface water chemistry from anthropogenic nitrogen and sulfur deposition are a few percent of the acidification and DIC increases due to the oceanic uptake of anthropogenic CO 2. However, the impacts are more substantial in coastal waters, where the ecosystem responses to ocean acidification could have the most severe implications for mankind.
H
umans are dramatically altering the global nitrogen and sulfur budgets, with one result being the release of large fluxes of nitrogen oxides (NO x , Ϸ2 Tmol/yr), ammonia (NH 3 , Ϸ4 Tmol/yr), and sulfur dioxide (SO 2 , Ϸ2 Tmol/yr) to the atmosphere (1) . Globally, fossil fuel combustion and biomass burning fluxes of NO x exceed the natural fluxes from land to the atmosphere (2); NH 3 fluxes to the atmosphere are overwhelmed by those from human activities, mainly livestock husbandry (3); and oxidized sulfur fluxes from land are Ϸ10 times the natural fluxes, again because of combustion of fossil fuels and biomass burning (2) . After chemical transformations in the atmosphere, much of the anthropogenic nitrogen and sulfur is deposited to the surface as the dissociation products of nitric acid (HNO 3 ) and sulfuric acid (H 2 SO 4 ). HNO 3 and H 2 SO 4 are strong acids that completely dissociate in water:
HNO 3 Because of the relatively short lifetime of reactive nitrogen and sulfur species in the atmosphere (days to about a week), the majority of the acid deposition occurs on land, in the coastal ocean, and in the open ocean downwind of the primary source regions in eastern North America, Europe, and South and East Asia (4-7). The subsequent acidification of terrestrial and freshwater ecosystems by dry deposition and more acidic rainfall is a well known environmental problem (8) (9) (10) (11) . Anthropogenic nitrogen and sulfur deposition to the ocean surface alters surface seawater chemistry, leading to acidification and reduced total alkalinity. Lower pH and resulting lower CO 3 2Ϫ concentrations are of particular concern for a range of benthic and pelagic organisms that form calcareous (CaCO 3 ) shells (e.g., corals, coralline algae, foraminifera, pteropods, and coccolithophores) (12, 13) . The acidification effects, although not as large globally as those of anthropogenic CO 2 uptake (14, 15) , could be significant in coastal ocean regions because these regions are already vulnerable to other human impacts, including nutrient fertilization (15, 16) , pollution, overfishing, and climate change. Here we compute bounds on the potential impact of anthropogenic nitrogen and sulfur deposition on seawater chemistry, using simulated atmospheric deposition fields applied to a coupled 3D ocean ecosystembiogeochemical model (see Methods). We also compare these model results with field observations for U.S. coastal regions.
Basic Principles of the Effects of Atmospheric C, N, and S Deposition on Seawater Chemistry. It is useful to frame the impact of anthropogenic nitrogen and sulfur inputs in terms of the changes in surface water dissolved inorganic carbon (DIC) and total alkalinity (Alk). DIC and Alk are conservative quantities with respect to mixing and temperature and pressure changes and, together with temperature and salinity, determine seawater pH and the partial pressure of carbon dioxide, pCO 2 (17) , an important factor driving air-sea CO 2 exchange. Processes that increase DIC or decrease Alk lower seawater pH (ocean acidification) and raise pCO 2 .
CO 2 combines with water to form carbonic acid (H 2 CO 3 ), which then undergoes a series of acid/base dissociation reactions:
Anthropogenic CO 2 uptake increases surface [DIC] and lowers pH (14, 18) . Total alkalinity ([Alk]; eq/kg), a measure of the acid/base balance of the fluid (19) , is defined conventionally as the excess of proton acceptors (bases formed from weak acids) over proton donors relative to a reference point (formally, acid dissociation pK a ϭ 4.5; approximately the H 2 CO 3 equivalence point):
or, alternatively, as the net positive charge from strong mineral bases minus strong mineral acids (20) :
In Eq. 4, we neglect for clarity terms from other weak acids in seawater, such as B(OH) 3 , H 2 SiO 3 , and H 2 PO 4 Ϫ , which are included in our seawater thermodynamics code (21) .
Atmospheric C, N, and S inputs can be converted into fluxes of inorganic carbon, f DIC (mol⅐m Ϫ2 ⅐y Ϫ1 ), and alkalinity, f Alk (eq⅐m Ϫ2 ⅐y Ϫ1 ). The f DIC flux
is governed by CO 2 air-sea gas exchange fCO 2 gas , net respiration of atmospheric dissolved and particulate organic matter inputs fC organic , and net dissolution of CaCO 3 from atmospheric dust deposition fCaCO 3 , as well as by dissolution of DIC in rainwater f DIC rain , a small term that is usually neglected. The anthropogenic changes in fC organic and fCaCO 3 are not well characterized and are not considered further here.
The chemical forms of the atmospheric C, N, and S inputs are important for determining their impact on the alkalinity flux:
[7]
Dissolution of calcareous mineral dust, CaCO 3 , in rainwater, denoted by the input of dissolved Ca 2ϩ ion in Eq. 7, acts to add alkalinity to the surface ocean ( fAlk Ͼ 0). Note the factor of 2 conversion for alkalinity, reflecting the charge on Ca 2ϩ and CO 3
2Ϫ
(Eqs. 4 and 5). Air-sea CO 2 gas exchange, the pathway for almost all anthropogenic carbon input to the ocean, does not enter Eq. 7 because adding CO 2 does not alter ocean total alkalinity (Eq. 4) but does change carbonate alkalinity (
]) (22) . Similarly, the release of CO 2 from organic carbon respiration does not affect alkalinity except through related conversion of organic nitrogen (and to an even smaller extent phosphorus) to inorganic form.
Inorganic sulfur deposition adds acidity to the surface ocean ( fAlk Ͻ 0), reducing surface water alkalinity. About 40-80% of atmospheric S is oxidized to H 2 SO 4 by gas-phase and aqueous reactions and deposited to the surface by wet (dominant) and dry processes. An input of 1 mole SO 4 2Ϫ is equivalent to Ϫ2 equivalents Alk. The remaining sulfur emissions are dry-deposited as SO 2 . We assume for surface seawater that all of the SO 2 combines with water to form H 2 SO 4 and thus has a similar effect on alkalinity as SO 4 2Ϫ deposition.
Atmospheric nitrogen deposition can add either acidity or alkalinity, depending on the chemical form. The wet deposition of NO 3 Ϫ is acidic, and the dry deposition of NH 3 is alkaline (Eqs. 4 and 5). From Eq. 4, one might expect that wet deposition of the ammonium ion NH 4 ϩ should result in no change in alkalinity because the protonated species is the primary form at the CO 2 equivalence pH (pK a of NH 4 ϩ for seawater Ϸ9.5). However, in rainwater the main proton source for forming the ammonium ion is water, and the resulting release of OH Ϫ increases alkalinity similar to NH 3 deposition. A fraction of the atmospheric N and S is deposited as ammonia-sulfate aerosols, (NH 4 ) 2 SO 4 and (NH 4 )HSO 4 ; in our calculations we assume that the aerosols dissociate in surface seawater and include the aerosol N and S in the NH 4 ϩ and SO 4 2Ϫ fluxes. Our alkalinity flux (Eq. 7) is similar to the atmosphere acidity equation for wet deposition from ref. 6 , although of course with opposite signs. One difference is that we include additional SO 2 and NH 3 terms because of dry deposition.
The impact of atmospheric NH 4 ϩ ϩ NH 3 input on ocean alkalinity depends on the extent to which the NH 4 ϩ is converted to NO 3 Ϫ by nitrification:
Note that almost all of the deposited NH 3 will be converted to NH 4 ϩ at seawater pH. Nitrification reduces alkalinity by 2 equivalents for every mole of NH 4 ϩ consumed. Assuming complete nitrification changes the alkaline NH 3 and NH 4 ϩ flux to an effective acidity flux:
As shown below in our 3D ocean simulations, Eq. 9 is a good approximation when examining ocean alkalinity inventory changes because Ϸ98% of anthropogenic NH 3 ϩ NH 4 ϩ deposition is nitrified to NO 3 Ϫ . When referring to atmospheric precipitation, the inclusion of nitrification is often termed potential acidity (19) . For the spatial flux maps below (Fig. 1) , we compute both fAlk and fAlk nitrif .
Results and Discussion
Model atmospheric nitrogen, sulfur, and alkalinity deposition fields are computed based on estimated changes in climate and emissions between the preindustrial and current climates (1990-2000) ( Fig. 1 (2, 24, 25) . Globally, the ocean alkalinity reduction due to anthropogenic sulfur and nitrogen deposition, fAlk nitrif , is at most, assuming full nitrification of ammonium deposition, approximately Ϫ3% of the fDIC inputs because of anthropogenic CO 2 uptake. However, the alkalinity fluxes can be significant relative to anthropogenic fDIC fluxes in some coastal ocean and margin areas. Previous modeling studies (Terrestrial Ocean Atmosphere Ecosystem Model, TOTEM; refs. 26 and 27) estimate anthropogenic atmospheric nitrogen deposition to the global coastal ocean of 0.03 mol⅐m Ϫ2 ⅐y Ϫ1 for the turn of the 21st century, very similar to the estimates in Table 1 . It was also shown that this flux will increase significantly during the next several decades, as will the reactive nitrogen flux to the coastal ocean from anthropogenic sources via rivers and groundwaters. The anthropogenic alkalinity perturbation is redistributed by ocean circulation and initiates feedbacks by means of alterations in surface pH, air-sea CO 2 flux, and [DIC] . Biogeochemical transformations must also be considered because of nitrogen buildup or eutrophication of surface waters, stimulating increased ocean primary production and organic matter export (27) (28) (29) (30) . We evaluate the responses by using a 3D marine physical/ecological/ biogeochemical model (see Methods), focusing on three sensitivity Biological feedbacks depend on three factors: (i) the extent to which nitrification transforms excess NH 4 ϩ into NO 3 Ϫ ; (ii) vertical redistribution of the excess nitrogen by means of biological nitrogen uptake in the surface, particle sinking, and subsurface remineralization; and (iii) biological drawdown of surface [DIC] from eutrophication. The effect of primary production on alkalinity depends on the source of nitrogen (31, 32) . NO 3 Ϫ -supported growth produces alkalinity (ϩ1:1 eq/mol), and NH 4 ϩ -supported growth removes alkalinity (Ϫ1:1 eq/mol):
[10]
[11]
Alkalinity sources/sinks from phosphorus uptake and release are an order of magnitude smaller. Note that the alkalinity changes resulting from biological nitrogen uptake are opposite in sign to those generated directly by the original atmospheric deposition flux (Eq. 7). Eventually, most of the extra organic nitrogen will be transported downward and remineralized in subsurface waters, releasing excess NH 4 ϩ that is almost immediately nitrified to NO 3 Ϫ in oxygenated waters. The net effect of biological nitrogen cycling (case 3) is to reduce surface ⌬[Alk] caused by atmospheric nitrogen deposition and to redistribute ⌬[Alk] downward through the water column (Fig. 2) . The impact, however, does not qualitatively alter the surface water alkalinity perturbations. The strongest negative surface ⌬[Alk] anomalies in case 3 are somewhat smaller than those in case 2 but with greater spatial variability and some regions of positive trends (Fig. 3) . Some of the spatial variability reflects the patterns of surface nutrient utilization, iron limitation, and the preferential biological uptake of NH 4 ϩ over NO 3
Ϫ
. The increase in ocean nitrogen inventory in case 3 is smaller than the cumulative atmospheric nitrogen deposition of 2.7 Tmol⅐N⅐y Ϫ1 because elevated surface NO 3 Ϫ and productivity reduces simulated N 2 fixation by 0.6 Tmol⅐N⅐y Ϫ1 and increases denitrification by 0.1 Tmol⅐N⅐y Ϫ1 . Overall, nitrification modulates the acid/base signal from atmospheric nitrogen deposition, and fAlk nitrif with net alkaline effects everywhere is a reasonable approximation for the vertically integrated alkalinity sink in most locations.
Increased primary production stimulated by atmospheric nitrogen deposition lowers surface DIC with a ratio of Ϸ6.6 C/N (mol/mol) (Eqs. 10 and 11). This results in qualitatively different solutions for pH and air-sea CO 2 flux perturbations (case 3; Fig. 3 ). The negative ⌬[DIC] anomalies are amplified substantially relative to case 2 in some regions, with ⌬[DIC]/⌬t trends of Ϫ0.3 to Ϫ0.5 mmol⅐m Ϫ3 ⅐y Ϫ1 over large areas. In many locations, ⌬[DIC] decreases faster than ⌬[Alk] and thus reverses the sign of the ⌬pH signal, with ⌬pH/⌬t typically ranging from Ϫ0.2 to ϩ0.2 ϫ 10 Ϫ3 pH units⅐y Ϫ1 . The case 3 spatial fields are also considerably more patchy, reflecting small-scale readjustments in model primary production, subsurface nutrients, and DIC.
Implications and Future Research
On a global scale, the alterations in surface water chemistry from anthropogenic nitrogen and sulfur deposition are only a few percent of the ocean acidification and ⌬[DIC] increases expected from the oceanic uptake of anthropogenic CO 2 . However, impacts on seawater chemistry can be much more substantial in coastal waters, on the order of 10-50% or more of the anthropogenic CO 2 -driven changes near the major source regions and in marginal seas. Although there are certainly caveats with the simulated coastal signals because the global ocean model does not fully resolve complex coastal physical and biological dynamics, the coastal amplification is clear. Ocean acidification is thought to be a significant threat to ecosystems, including coral reefs and coastal benthic and planktonic foodwebs dominated by calcifying organisms (10-13). Our study highlights the need to also consider the effects of non-CO 2 acidification sources from atmospheric nitrogen and sulfur deposition, both through their direct effects on reducing ocean alkalinity and their indirect effects through nitrogen fertilization of marine phytoplankton. Uncertainties regarding the magnitude of non-CO 2 ocean acidification arise from errors in the anthropogenic sulfur and nitrogen deposition fluxes to the ocean, ocean circulation, and marine biogeochemical responses. Global deposition depends strongly on total emissions, with emission ranges of approximately Ϯ16% for NO x (total plus lightning) (7, 33) , Ϯ27% for NH x (7, 34) , and Ϯ20% for SO 2 (35) . Spatial differences in emissions and atmospheric transport pathways will change the downwind deposition fluxes to the oceans. The overall spatial patterns are generally similar across most models but can vary locally because of small shifts in steep deposition gradients. For example, sulfate residence times for models range between 3 and 5 days (35), with our model at 3.4 days. This means that deposition to remote regions in other models could be larger, but that uncertainties should be within Ϸ50%, even in remote regions. The response of seawater carbonate thermodynamics to acidification is well constrained. Better estimates of the uncertainties due to ocean circulation and biology require exploration of the effect in other numerical models and against field observations.
Here we highlight the first-order impacts associated with anthropogenic atmospheric nitrogen and sulfur. More comprehensive studies on global change and coastal acid/base chemistry would need to include a range of additional processes. The extent of atmospheric neutralization of acidic compounds may be varying because of changes in mineral dust emissions and alkaline fly ash from coal-fired power plants. There is evidence, for example, of reduced atmospheric deposition of basic cations (e.g., Ca 2ϩ ) (36) . Although much of the acidity flux that falls on land will likely be neutralized by soils, some fraction may be transported to the ocean (10, 11, 29) , and there are substantial riverine inputs of anthropogenic nitrogen and organic matter to the coastal domain (27, 30, 37) . In the water column, secondorder biological effects arise from altered rates of nitrogen fixation, water-column and sediment denitrification, calcification, and CaCO 3 remineralization (14, 15, 38-40) . 
Methods
Preindustrial and current nitrogen deposition (including nitrate and ammonia) are simulated (33) in the MOZART model (41) , based on climate simulations from the Parallel Climate Model (42) for 1890 and 1990, respectively. Emissions for both preindustrial and present-day come from the EDGAR-HYDE inventory (43) . Present-day emissions of ammonia follow ref. 7 , whereas preindustrial emissions are assumed to be zero. For the sulfate species, simulations are conducted within the Community Atmospheric Model (CAM3) (44), using sulfate chemistry based on ref. 45 . Emissions for preindustrial and current climate for sulfur are based on ref. 46 , and the preindustrial and current climates were simulated by using slab ocean model versions (47) .
The ocean model combines a state-of-the-art marine ecosystem module (48) with phytoplankton functional groups (pico/ nanoplankton, diatoms, diazotrophs, and calcifiers), multiple limiting nutrients (N, P, Si, and Fe), zooplankton, and several detrital pools. The model explicitly tracks both NO 3 Ϫ and NH 4 ϩ pools and includes nitrification, nitrogen fixation, and water-column denitrification (39, 49) . The biogeochemistry module (50) has full carbonate system thermodynamics (21) , and air-sea CO 2 fluxes follow a quadratic wind-speed gas exchange relationship. The ecobiogeochemistry is embedded in the low-resolution (zonal 3.6°; meridional 0.8°-1.8°; 25 vertical layers with a 12-m-thick surface layer) National Center for Atmospheric Research ocean physical model (CCSM3.1), based on the Parallel Ocean Program (51) . This model is integrated with a repeat annual cycle of surface forcing based on National Centers for Environmental Prediction reanalysis and satellite data products (52) (53) (54) .
